The cerebral cortex in mammals, the neocortex specifically, is highly diverse among species with respect to its size and morphology, likely reflecting the immense adaptiveness of this lineage. In particular, the pattern and number of convoluted ridges and fissures, called gyri and sulci, respectively, on the surface of the cortex are variable among species and even individuals. However, little is known about the mechanism of cortical folding, although there have been several hypotheses proposed. Recent studies on embryonic neurogenesis revealed the differences in cortical progenitors as a critical factor of the process of gyrification. Here, we investigated the gyrification processes using developing guinea pig brains that form a simple but fundamental pattern of gyri. In addition, we established an electroporation-mediated gene transfer method for guinea pig embryos. We introduce the guinea pig brain as a useful model system to understand the mechanisms and basic principle of cortical folding.
Introduction
Animals on the earth at present and in the past have acquired huge diversity in their brains, which is in accordance with the animals' characteristic features. The neocortex in mammals, which exhibits a six-layered organization unique to this lineage, has dramatically evolved. Among mammals, the cerebral cortex has diversified extremely both in size and gross morphology, such that distinct patterns of convoluted ridges and grooves on the surface of cortex, called gyri and sulci, respectively, are visible (Welker 1990; Defelipe 2011; Zilles et al. 2013; Lewitus et al. 2014) . For instance, the human cerebral cortex is extremely enlarged to cover up almost the entire brain surface, and presented with numerous gyri that are carved in an extremely complicated manner. These features of the human brain have likely led our species to acquire an outstanding intelligence over all mammals. However, the underlying mechanisms of gyrification remain largely elusive. Herein, we first review the hypotheses and notions for gyrification. In addition, we report on our attempt to address this question using the guinea pig as a model system. Our approach focuses on the characterization of basic features of the gyrus formation in guinea pigs, and on establishing a method to introduce exogenous genes into developing guinea pig embryos.
Difference in cortical neurogenesis between primates with large brains and mice with small brains
The vast majority of cellular constituents in the vertebrate brain originate from radial glia (RG), which are themselves derived from neuroepithelia of the early neural tube. The RG repeatedly undergo cell division over time, first to increase their numbers as the progenitor pool, and then to self-renew and produce neurons and glia (Fujita 2003; Kageyama et al. 2005; Rowitch & Kriegstein 2010) . While this basic principle of the brain development is common in all mammals, the resulting brain is highly diverse such that mice have a small and lissencephalic brain, whereas primates including humans have a large and gyrencephalic brain. Thus, the obvious question here is how such diversity is generated through the apparently common basic mechanism. Around the middle of the neurogenic period, a progenitor population known as the intermediate progenitors (IPs) is generated from the original RG. In mice, the IPs divide once to produce two neuronal siblings in most cases (Haubensak et al. 2004; Miyata et al. 2004; Noctor et al. 2004; Martinez-Cerdeno et al. 2006; Attardo et al. 2008) . In contrast, they divide several times and generate many neurons in humans (Lui et al. 2011; Florio et al. 2017) . In addition, another class of novel progenitor population that reside in the basal side of the subventricular zone (SVZ), termed outer radial glia (oRG; also known as basal radial glia or intermediate radial glia) has been discovered recently in embryonic human brains (Fietz et al. 2010; Hansen et al. 2010; Betizeau et al. 2013) . The oRG undergo several rounds of cell division not only to produce differentiating cells but also to selfrenew, thus, they are regarded as transit-amplifying progenitor cells (TAPs). It has been reported that oRG exist also in mice brain albeit in very small numbers (Shitamukai et al. 2011; Wang et al. 2011) . Based on these findings, it has been speculated that increased numbers of IPs and oRG contribute to enlargement of the brain size (Lui et al. 2011; Sun & Hevner 2014; Florio et al. 2017) . Furthermore, oRG have been implicated in the formation of the gyrencephalic cortex; indeed substantial oRG or the outer SVZ (OSVZ) histologically, where those cells reside, have been found in gyrencephalic mammals other than primates, such as ferrets, cats, and sheep (Reillo et al. 2011; Bakken et al. 2016) .
In addition to the quantitative and qualitative differences in progenitor populations, species with a large brain tend to have long neurogenic period; 7 days in mice, 40 days in monkeys, and 50 days in humans (Clancy et al. 2001) . It is thought that neural progenitors increase their numbers for a long period of time, which then leads to the generation of an explosive number of neurons to form an extraordinary large brain.
Gyrus formation
Many mammalian species including humans possess gyrencephalic cerebral cortices in which numerous convoluted folds and fissures are present (Welker 1990; Herculano-Houzel 2009; Defelipe 2011; Zilles et al. 2013) . While mouse and rat brains are lissencephalic, exhibiting a smooth surface devoid of gyrus, larger rodents such as the capybara display a complicated gyrencephalic cortex. Moreover, smaller rodents such as the agoutis and guinea pigs present gyri on the cortical surface, albeit fewer and simpler in pattern (Lui et al. 2011; Garcia-Moreno et al. 2012) . Although the presence of gyri is often associated with higher intelligence, the cellular and molecular mechanisms underlying the gyrification process are still largely unknown. Nevertheless, several hypotheses have been proposed with three factors of particular interest. (i) brain volume and cranium capacity; (ii) types and properties of neural progenitors, especially their growth rate; (iii) nerve fibers within the cerebral cortex.
1. Capacity of the cranium. In general, a large brain tends to be gyrencephalic (Zilles et al. 2013; Lewitus et al. 2014) . It has been thought for a long time that the expanded neocortex in evolution has to be folded in order for it to fit within the limited internal space of the cranium. In fact, hyperproliferation of RG by activating the Wnt/b-catenin pathway or inhibition of RG apoptosis was reported to have resulted in a folded cerebral cortex in the mouse cranium (Haydar et al. 1999; Chenn & Walsh 2002) . However, these apparently folded mouse brains are essentially different from the normal gyrencephalic brain, with the ventricular lumen being untypically folded as well. Moreover, a partial excision of the cerebral cortex to make vacancy in the cranium of sheep embryo had a limited effect on gyrification (Barron 1950) . These findings suggest that cranial space constraints by the cranium are not necessarily a crucial factor for gyrification (Richman et al. 1975; Toro & Burnod 2005; Kelava et al. 2013; Ronan & Fletcher 2015) .
2. Growth rate variation between gyri and sulci. The cerebral cortex is more thickened at gyri compared to sulci. This feature has suggested a higher growth rate of cells in the gyrus compared with the sulcus, which may have resulted in gyrification (Toro & Burnod 2005; Kriegstein et al. 2006; Rajagopalan et al. 2011; Kelava et al. 2013) . Indeed, it has been found that the number of progenitors are different between the prospective gyrus and sulcus forming domains; in the ferret, a gyrencephalic animal, there is a threefold increase in dividing cells in the OSVZ in the future splenial gyrus compared with the Sylvian sulcus (Reillo et al. 2011; De Juan Romero et al. 2015; Toda et al. 2016) . In humans, the SVZ, including OSVZ, rapidly thickens when and where gyri are formed. Moreover, both IPs and oRG are distributed more in the gyral regions compared with the sulcal regions, suggesting a possible involvement of augmented basal progenitors in gyrification Nowakowski et al. 2016) . Indeed, knockdown of Trnp1, which encodes a DNA-associated protein, has led to an increase in IPs and cortical folding in lissencephalic mice (Stahl et al. 2013) . Overexpression of the fibroblast growth factor 2 (Fgf2) in the mouse cortex also increased IPs and abnormal folding was observed in the lateral portion of the cortex (Rash et al. 2013) . In mice, expression of ARHGAP11B, which is specifically expressed in human RG, augmented oRG-like basal progenitors, leading to ª 2017 Japanese Society of Developmental Biologists cortical folding (Florio et al. 2015) . These previous results provide evidence that the basal progenitors including IPs and oRG are critical in gyrus formation. Given that oRG are very rare in mice (Shitamukai et al. 2011; Wang et al. 2011; Poluch & Juliano 2015) , the physiological relevance of these experimental notions to the normal mechanism operating in gyrification needs to be considered carefully. Nevertheless, similar and consistent results have been reported in ferrets, where misexpression of Fgf8 increased IPs and resulted in ectopic gyri (Masuda et al. 2015) . In contrast, inhibition of Tbr2 which is required for the production of IPs has resulted in a decrease in IPs and oRG, leading subsequently to a reduction of the upper layer neurons and shallowing of the cortical sulci (Toda et al. 2016) . Forced expression of Cyclin-dependent kinase 4 (Cdk4) and cyclin D1 also increased the number of basal progenitors and cortical folds (NonakaKinoshita et al. 2013) . Thus, these results strongly suggest that regional differences in the growth rate, mostly attributed to IPs and oRG, are a crucial factor for gyrification. Given that Trnp1 that suppresses the production of basal progenitors is expressed at the prospective sulcus regions prior to its formation, basal progenitors are important to define the locations of future gyri during the initial phase of gyrification (Stahl et al. 2013) .
A distinct hypothesis regarding the involvement of oRG has been also postulated, suggesting that the oRG cellular morphology may play a role in gyrification. While RG extend bipolar processes to both the ventricular lumen and pial surface, oRG have a process only to the pial side. In addition, the trajectory of the radial fibers appears to spread out towards the pial side in the gyral regions, compared to the sulcal regions (Lui et al. 2011; Lewitus et al. 2013) . Based on this, it is hypothesized that increase of oRG results in, a fan-shaped, divergent distribution of the radial fibers, which becomes a foundation of the elevated ridges, the gyri. Another hypothetical mechanism was suggested that, as the cortical wall thickens, RG in the gyral regions lose the basal processes, whereas RG in the sulcal regions retain both the apical and basal processes. Difference in the tension along the radial dimension provided by the above phenomenon may help the gyral regions to bulge outwards and prevent the sulcal regions from bulging (Nowakowski et al. 2016) . Further investigation is required to determine the way basal progenitors contribute to gyrification.
3. Nerve fibers. The depth of the intermediate zone (IZ) and the subplate exhibits variability to a great extent with regard to gyrification compared with the cortical plate. The IZ/subplate is much more thickened at the prospective gyral region compared with the sulcal regions Budday et al. 2015) . Given that a large number of nerve fibers are distributed in the IZ (future white matter), it is suggested that they play a role in the gyrus formation. For example, ablation of a part of the cortex in neonatal rhesus monkeys induced abnormal sulci and gyri in the adjacent, distant, and contralateral cortical regions, suggesting an involvement of the thalamocortical, ipsilateral, and callosal connections in cortical folding (Goldman & Galkin 1978; Goldman-Rakic & Rakic 1988) . Indeed, an involvement of axons in gyrification has been hypothesized, whereby the tension along the planner dimension of the cortex, generated by the corticocortical axons, draws separated regions of the cortex together, resulting in folding (Van Essen 1997). However, no compelling evidence has been provided so far. Moreover, it has been argued from a physical point of view that possible tension-generating axons are located too deep in the cortex, further apically below the cortical plate, to cause any folding of the cortex (Xu et al. 2010; Bayly et al. 2014; Vergani et al. 2014) . Indeed, the projection pattern of nerve fibers is not necessarily consistent with the folding pattern: there is no significant correlation found between the gyrus formation and the corticocortical fibers in the human brain (Takahashi et al. 2012) .
A different model for the involvement of nerve fibers in gyrification has been also proposed, focusing on the tension along the radial dimension generated by axons (Toro & Burnod 2005; Kelava et al. 2013) . Indeed, there is a sign of tension along the radial direction during the gyrus formation (Xu et al. 2010) . Axons that could generate the radial tension are the thalamocortical axons (TCA). It has been shown that reduction of the afferents from the lateral geniculate body by dual enucleation affected the gyral pattern in the visual cortex (Dehay et al. 1996) . It has also been shown that TCA secrete FGF from their nerve ends to stimulate proliferation of cortical progenitors, while their projection affects the areal patterning (Dehay et al. 2001; Chou et al. 2013; Vue et al. 2013) . Moreover, it has also been hypothesized that the TCA that enter first into the cortical plate would anchor their endpoints, leading to the sulcus formation (Altman & Bayer 2015; Gamberini et al. 2016) . Thus, TCA are most likely involved in the gyrus formation, but the way they act remains elusive.
The gyrus formation persists for a long period of time, ranging in humans from 6 months during pregnancy to 1 year after birth. Based on this, it can be speculated that this phenomenon involves several processes and factors. For instance, the generation of basal progenitors, which occurs during the neurogenic ª 2017 Japanese Society of Developmental Biologists period, corresponds to the very beginning of the gyrus formation. Subsequent axonal outgrowth, gliogenesis, synaptogenesis, and dendritic formation could also be involved. The dendritic morphology has been reported to be different between the gyri and sulci. Indeed, neurons in the sulci develop the horizontally-oriented basal dendrites to a greater extent compared with those in the gyri (Welker 1990 ). Furthermore, depletion of the meninges, a membranous tissue that enwraps the entire surface of the brain, leads to pachygyria (a type of lissencephaly) or polymicrogyria, suggesting a critical role of the meninges in gyrification (Bahi-Buisson et al. 2010; Devisme et al. 2012; Radmanesh et al. 2013) . These defects could be mediated through the basal progenitors, given that the meninges have been suggested to be required for their maintenance (Fietz et al. 2012; Stenzel et al. 2014) . Mutations in cytoskeletal genes such as LIS1 or DCX cause defects in neuronal migration, which leads to type I lissencephaly, suggesting an involvement of neuronal migration in gyrification (Pilz et al. 1998; Des Portes et al. 1998; Gleeson et al. 1998; Reiner et al. 1993; Olson & Walsh 2002) . Thus, each possible factor needs to be examined in depth towards understanding the whole picture of gyrification.
Materials and methods

Animals
Adult ICR mice were used for histological analyses (SLC Japan). Adult and time-pregnant guinea pigs were used for Nissl staining, immunohistochemistry, and in utero electroporation (SLC Japan, Slc:Hartley). The day of vaginal plug detection was designated as embryonic day 0 (E0), and the day of birth as postnatal day 0 (P0). Embryonic cynomolgus monkeys were obtained by Caesarian section of artificially-inseminated embryos as previously reported (Yamasaki et al. 2011) . All animal experiments were carried out under the Guidelines for Laboratory Animals of Kumamoto University and Shiga University of Medical Science.
Staining
Anesthetized mice were transcardially perfused with 4% paraformaldehyde (PFA) in PBS, which was followed by brain dissection. Brains of embryonic and postnatal guinea pigs were dissected and subsequently fixed in 4% PFA/PBS for several hours. The fixed brains were cryoprotected in 30% sucrose/PBS at 4°C, frozen, and then cut into 20 lm-thick coronal sections using a cryostat. Brains of embryonic monkeys were fixed in 10% formaldehyde/PBS, followed by the preparation of paraffin-embedding blocks. Twelve micrometer-thick sections were deparaffinized, immersed in 0.5% cresyl violet for several minutes, subjected to the ethanol series, and embedded with a mounting agent (Neo-Mount, MERCK) for Nissl staining. For immunohistochemistry, sections were treated for the antigen retrieval when necessary (Table 1) . After incubation with PBS containing 5% normal goat/donkey serum and 0.1% Triton X-100 (blocking buffer) for 1 h at room temperature, the sections were incubated with the primary antibody (Table 1) in the blocking buffer overnight at 4°C. After three washes, the sections were incubated with the secondary antibody (Table 1) in blocking buffer. Sections were counterstained with a DAPI solution (1:1000, Wako, Japan) and embedded with a mounting agent (SlowFade Gold antifade reagent; Invitrogen). For EdU labeling, 5 mg/mL EdU in PBS was intraperitoneally injected into a guinea pig at various pregnancy time point (50 mg/kg). Frozen sections prepared as described above were stained for EdU using a detection kit (Click-iT EdU Imaging Kits; Thermo Fisher Scientific). Photomicrographs were taken using a laser scanning confocal microscopy (LSM780; Zeiss).
In utero electroporation
Timed pregnant guinea pigs of E28-37 were deeply anesthetized by intramuscular injection of a mixture of ketamine (46 mg/kg) and xylazine (24 mg/kg), and then placed on disposable diapers on a heating-mat. After the abdomen had been cleaned with 70% ethanol, the body hair was removed with a razor blade. Several minutes after pasting xylocaine for local skin anesthesia (Xylocaine jelly 2%, AstraZeneca), a 3-4 cm-long midline laparotomy was performed, and the uterus was exposed on a sterile gauze. For DNA microinjection, plasmid DNA purified with Maxi-prep kit (NucleoSpin Extract II, MACHEREY-NAGEL) was dissolved in a Tris-EDTA buffer (pH8.0). Fast Green was added to the plasmid solution at a final concentration of 0.02-0.1% to monitor the injection. Approximately 3-10 lL of the plasmid solution was injected into the lateral ventricle with a glass micropipette. The embryos in the uterus were placed in a tweezers-type electrode that has two platinum electrode discs of 5 mm-diameter at the tip (#CUY650-5, NEPA GENE, Japan). Electronic pulses were delivered four times at intervals of 950 milliseconds with an electroporator (NEPA21, NEPA GENE), after which the uterine horns were placed back into the abdominal cavity. The abdominal wall and skin were sewed up with surgical sutures (silk thread No. 3-0, surgical needle No. 3, Natsume Seisakusho, Japan). A hydrocolloid adhesive pad was ª 2017 Japanese Society of Developmental Biologists applied on the wound to promote healing (29 9 59 mm, Aso seiyaku, Japan), and its outline was sealed with liquid bandage to avoid detachment. Animals were kept warm on a heating-mat for several hours until they recovered from anesthesia. The weight of the mothers was monitored to check development of the embryos. Green fluorescent protein (GFP) fluorescence in the electroporated brain was detected with an epi-fluorescence stereomicroscopy (MZFLIII; Leica).
Results
Cortical folding in the brain of guinea pigs
First, we compared cortices of mouse, guinea pig and monkey in order to reveal differences and similarities in the morphology and cellular organization. Macaque monkeys have gyrencephalic brains in which a number of gyri are already detectable at embryonic day 124 (E124) (Fig. 1C) . On the other hand, a mouse brain is lissencephalic even at the adult stage (Fig. 1A ). Yet, another rodent, the guinea pig, has two sets of fissures, running longitudinally in the medial and lateral portion of the cortex (arrow and arrowhead in Fig. 1B) ; the former and latter would correspond to the intraparietal sulcus and the Sylvian sulcus (also known as Sylvian fissure, or lateral sulcus) in humans, respectively. Histological features of gyri and sulci are well appreciated in the cross-sections of the monkey brain; the cortical plate, where the neuronal cell bodies reside, was slightly thinner in the sulci compared with the gyri. In contrast, the white matter, where numerous nerve fibers and small numbers of cells are For guinea pig, 129.7 AE 3.64% (CP), 276.9 AE 8.68% (WM); for cynomolgus monkey, 169.7 AE 31.8% (CP), 427.7 AE 105.0% (WM). *P < 0.05, **P < 0.001, ***P < 0.0001. CP, cortical plate; WM, white matter. Scale bars: A-C, 3 mm; D-F, 1 mm; D'-F', 500 lm.
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ª 2017 Japanese Society of Developmental Biologists distributed, was greatly expanded in the gyri and constricted acutely in the sulci (Fig. 1F, F', G) . Similar features were also observed in the guinea pig brain, although the depth of the sulci was smaller compared to the monkeys (Fig. 1E, E', G) . Interestingly, the thickness of the white matter and gray matter appeared relatively constant along the plane of the layers in the lissencephalic mouse brain (Fig. 1D, D') . Thus, the guinea pig brain has gyri and sulci similar to those in the macaque brain, although fewer in number and less complicated, suggesting that guinea pigs could be a suitable model for understanding cortical folding.
Cortical neurogenesis in guinea pigs
We next analyzed cortical neurogenesis in details in the guinea pig. At E19, almost no neuron has been generated in the telencephalon, in contrast to the midbrain and spinal cord (data not shown), as shown by the NeuN immuno-reactivity ( Fig. 2A ). This observation roughly corresponded to the E9.5 mouse embryo. Neurogenesis in the cerebral cortex has begun by E25 during the formation of the cortical plate ( Fig. 2A;  NeuN) . At E28, the Pax6-positive oRG-like cells were detectable outside the ventricular zone (VZ) ( Fig. 2A,  arrows) . The number of RG and IPs revealed by Tbr2 expression increased by E31, when the Pax6-positive RG were still abundantly observed in the VZ ( Fig. 2A) . Moreover, the oRG-like cells which also express Sox2 were more abundant in the medial region where the gyrus would be formed (Fig. 2B, arrowheads) , consistent with studies in humans and ferrets (Yang et al. 2015) , although such oRG-like cells in mice appeared evenly distributed (data not shown). While neurogenesis had already started, the generation of astrocytes and oligodendrocytes was undetectable at E31 (data not shown). At E35, the VZ became thinner and the GFAP-or O4-positive cells emerged, indicating that gliogenesis has started; the GFAP-positive astrocytes first appeared in the prospective gyrus-forming area, whereas the O4-positive oligodendrocytes were distributed rather broadly and evenly throughout the cerebral cortex (Fig. 2C) . The VZ became very thin at E40 and E45, when many astrocytes were detectable at the gyrus-forming regions and the oligodendrocytes were accumulating in the white matter of the gyrusforming areas (Fig. 2C , data not shown). These results indicate that, in the guinea pig, cortical neurogenesis begins as early as E25 and lasts until E31, while gliogenesis starts later, around E35. Moreover, these findings indicate that IPs and the oRG-like cells exist in the developing cortex of guinea pigs.
Cortical layer formation in guinea pigs
The birth date of neurons in each layer was determined. A thymidine analog EdU was incorporated at E25, 28, 31, and 34, and distribution of the labeled cells was analyzed at E53 or 60 when the cortical layer formation has been completed. The cells labeled by the E25 injection were distributed in layer 4 at E53. Cells labeled by the E28 injection populated layers 4 and 2/3, while those labeled by the E31 injection populated the superficial portion of layer 2/3 at E60 (Fig. 3) . These results indicate that the cortical layers of the guinea pig are formed in an inside-out fashion, consistent with a previous study (Yang et al. 2015) . A small population of the cells labeled by the E34 injection was distributed in layer 2/3, while the remaining cells were found in the ventricular lining and scattered throughout the VZ, SVZ and IZ (Fig. 3) . According to the results shown in Figure 2 , most of these cells likely have differentiated into astrocytes and/or oligodendrocytes.
Development of gyri and sulci in the guinea pig cortex
We next investigated the time at which the cortical folding is formed during the gestation period of the guinea pig, which is normally from 62 to 74 days. The Sylvian sulcus became recognizable histologically at E30 which corresponds to the latter half of the neurogenic period, macroscopically visible on the surface of the cortex at E35, and further obvious by E47 (Arrowheads in Fig. 4A, B ; data not shown). The intraparietal sulcus was formed later. At E60, immediately before birth, the intraparietal sulcus could not be recognized on the surface of the cortex; however, the pattern of the blood vessels predicted the locations where the ª 2017 Japanese Society of Developmental Biologists sulci are formed (data not shown). While a shallow indentation was observed at the time of birth, the intraparietal sulci became morphologically evident by P9 (Arrows in Fig. 4C, D ; data not shown). Further deepened grooves concomitant with bulging of the adjacent areas, i.e. gyri, were well observed at P30 (Fig. 4E, J) . At the histological level, however, a slight constriction of the cortical plate, a sign for the prospective intraparietal sulcus, was already recognizable from E35, when cortical neurogenesis is almost terminated in the guinea pig (Arrow in Fig. 4F ). This suggests that neurogenesis is involved to some extent in the initial step of the cortical folding. Thus, the process of gyrification gradually proceeds from the end of the neurogenic period until about a month after birth (i.e. for 2 months). As the sulci become even deeper in adults, this process perhaps continues thereafter.
Gene transfer to a guinea pig embryo by electroporation in utero
To take advantage of the guinea pig embryonic brain for studying mechanistic aspects of the cortical folding, we aimed to establish a gene transfer method targeting the developing cerebral cortex of the guinea pig embryo by electroporation, which had not been performed previously. The procedure was based on in utero electroporation in mice, as described elsewhere (Saito 2006) . Briefly, a DNA solution was injected into the lateral ventricle using a glass micropipette through the uterine wall, over which square electric pulses were delivered subsequently. The experiments were carried out for E28-37 embryos, at which times neurogenesis and gliogenesis successively take place (see also Materials and Methods; Fig. 5G ). Applying in utero electroporation to embryos earlier than E27 was challenging owing to a difficulty in viewing the lateral ventricle through the thick uterine wall. We adjusted the pulse voltage for the electric current to fall within 45-70 mA (Fig. 5D,H) . Compared with mice, extra care was necessary in guinea pigs in relation to (i) anesthetization, (ii) uterus exposure, (iii) DNA injection, (iv) suturing, (v) postoperative nursing, and (vi) parturition environment. We describe the details below. For anesthetization, a mixture of ketamine (46 mg/ kg) and xylazine (24 mg/kg) was used; pentbarvitor was not used since it could cause suffocation in guinea pigs, which have a relatively narrow airway. The ª 2017 Japanese Society of Developmental Biologists lower abdomen was then shaved and xylocaine gel was pasted on the skin. We then opened up the abdomen sagittally around the navel via a 3-4 cm incision, which slightly offset the navel to the bottom (depending on the size of the embryos) (Fig. 5A ). The number of embryos was usually two to four. The embryos in the uterus were drawn out from the opening with the lateral one-first, a process that became more difficult in advanced pregnancy (Fig. 5B) . A glass micropipette for injection of a DNA solution was made from a borosilicate capillary (OD = 1.0 mm, ID = 0.75 mm) using a puller (e.g., Model P97/IVF, Sutter Instrument, USA). For embryos older than E35, a glass capillary (OD = 1.0 mm, ID = 0.5 mm) were used because of the sclerosis of the skull, and the needle was penetrated through the sagittal and coronal sutures including the bregma. Fast Green dye was added up to 0.1% for a better observation of the injected solution in the ventricles after E30, at which the cerebral wall becomes greatly thickened (Fig. 5C) . Guinea pigs are a nidicolous animal and the average gestation period lasts as long as 70 days. The abdomen of a pregnant female at the later stages of pregnancy becomes very large and the resulting high abdominal pressure causes a risk of dehiscence. Therefore, suturing should be carried out separately both in the peritoneum and skin with a thick and fine thread, respectively (Fig. 5E ). While the wound usually heals in about a week, use of a hydrocolloid adhesive pad is recommended for a rapid recovery (Fig. 5F ). Extra cautions are needed for operations later than E35, as the abdomen of the pregnant mother becomes enlarged drastically after E45. After the surgery, healthcare of the animal should be taken by monitoring the body weight occasionally (every 3 days); the body weight typically drops temporarily 2-3 days after surgery, but increases again from day 3 up to eventually 25-40% in 30 days (Fig. 5I) . Such weight gain was not observed when the development of embryos was halted (data not shown). If a postnatal analysis is necessary, particular care should be taken in several points for a healthy delivery; indeed, guinea pigs are sometimes dystocial under laboratory conditions. A net-bottom hanging cage, which is often used for maintenance of adult guinea pigs or rabbits, may cause injury of newborn pups by trapping their legs and thus, it is not recommended for delivery. In addition, nursing may be necessary when the growth of pups is retarded.
Having cleared these points, we have established a method for in utero electroporation targeting the developing cortex of guinea pigs (see Materials and Methods). We present some examples in this article. pCAGGS-eGFP plasmid was introduced to E31 guinea pig cerebral hemisphere and the resulting GFP expression was detected for cells in the cerebral ª 2017 Japanese Society of Developmental Biologists cortex at E53 (Fig. 5J) . When electroporated at E28, the GFP-expressing cells differentiated into neurons and were mainly located in layer 2/3 (Brn2 immunostaining) and partially in layer 4 (Rorb immunostaining), whereas electroporation at E31 yielded the labeled neurons in the most superficial portion of layer 2/3 (Fig. 5K, L) . These results are largely consistent with the results shown in Figure 3 . Moreover, the electroporation at E34 and E36 resulted in GFP expression in scattered glial cells, suggesting that the GFPexpression plasmid was introduced into progenitors during the gliogenic phase (data not shown). Thus, our method enabled us to introduce exogenous genes into various types of cells in the guinea pig embryonic cerebral cortex.
Discussion
Cortical sulci in the brain of guinea pigs are regarded as typical gyrencephalic mammalian sulci
The guinea pig brain is a simple gyrencephalic structure with two longitudinal sulci on each hemisphere (Fig. 1) ; the Sylvian sulcus and intraparietal sulcus. Both are well-conserved among gyrencephalic mammalian species including primates Zilles et al. 2013) . Typically, the cerebral sulci in primates are classified into primary, secondary, and tertiary sulcus according to the order of appearance (Cykowski et al. 2008; Lewitus et al. 2013) . The primary sulcus including the Sylvian and intraparietal sulcus is the major sulcus conserved among species and individuals, suggesting genetic regulation. In contrast, the pattern of the secondary and tertiary sulci, which are relatively shallow and numerous compared with the primary sulcus, is variable among individuals. Therefore, their formation is thought to be under the influence of both genetic and environmental factors. Simple gyrencephalic mammals, such as guinea pigs, have only the sulci that correspond to the primary sulci of primates, whereas the higher gyrencephalic animals like humans form up to the tertiary sulci. The Sylvian sulcus, the earliest emerging primary sulcus, is formed from gestational week 14 (GW14) onward, which corresponds to the later neurogenic phase in humans (Cykowski et al. 2008; . The intraparietal sulcus is formed after GW26, when neurogenesis is almost ceased . The same order is also observed in guinea pigs; the Sylvian sulcus becomes recognizable around the latter half of the neurogenic period around E30, macroscopically visible by E35, and clearly evident at E45 (Figs 3 and 4 ; data not shown). On the other hand, the formation of the intraparietal sulcus appears to be initiated around E35, the end of the neurogenic phase, and becomes macroscopically evident after birth (Fig. 4) . Moreover, massive white matter thickening is also observed in the areas of gyri in guinea pigs, similarly to other gyrencephalic species including primates ( Fig. 1 ; Fig. 4F-J) . Thus, the difference in the time course of fissure development with respect to neurogenesis suggests that the Sylvian and intraparietal sulci are formed through different mechanism(s). The majority of the primary sulci, apart from the Sylvian sulcus, are formed after the neurogenic period in highly gyrencephalic animals . Therefore, the formation of the intraparietal sulcus in guinea pigs could be a good experimental model to understand the mechanisms underlying the formation of the primary sulcus of gyrencephalic mammals.
Significance of analyses using gyrencephalic animals
Previous studies have emphasized the importance of basal progenitors that include IPs and oRG in gyrification (Lui et al. 2011; Reillo et al. 2011) . In particular, oRG, which are greatly increased in numbers in the gyrencephalic mammals with large brains, play an important role in gyrification. More oRG are distributed at the prospective gyrus forming locations in ferret and human embryos (Reillo et al. 2011; Nonaka-Kinoshita et al. 2013; Toda et al. 2016) . Indeed, an experimental augmentation of basal progenitors leads to abnormal gyrus formation in ferrets (Nonaka-Kinoshita et al. 2013; Toda et al. 2016 ) and in mice (Rash et al. 2013; Stahl et al. 2013; Florio et al. 2015) . Although lissencephalic mice have been used to gain mechanistic insights into gyrification, applying factors with a likely involvement in the gyrification abnormalities in ferrets and/or humans did not necessarily lead to the expected phenotype in mice models. For instance, thanatophoric dysplasia (TD), a human congenital disorder in which Fgfr3 is constitutively activated, results in polymicrogyria (Hevner 2005; Itoh et al. 2013) . However, forced activation of Fgfr3 in the mouse cortex resulted in an expansion of the cortex, in the absence of polymicrogyria or abnormal gyrification (Lin et al. 2003; Inglis-Broadgate et al. 2005) . Likewise, Fgf8, a ligand that can activate Fgfr3, caused polymicrogyria in ferrets upon overexpression, but only resulted in a cortical expansion with no polymicrogyria when injected into the mouse lateral ventricle (Rash et al. 2013; Masuda et al. 2015) . Furthermore, forced co-expression of CDK4 and cyclin D1 caused ectopic cortical folding in the ferret, but not in the mouse (Nonaka-Kinoshita et al. 2013) . These results suggest that the use of lissencephalic animals (e.g., mice) to understand the process of cortical folding may have some limitations, possibly due to the small number of oRG and/or the limited mitotic capacity of IPs. However, this is not the case in guinea pigs where oRGlike cells are more numerous compared with mice, and are mainly enriched at the future gyri, similarly to ferrets and humans (Fig. 2B) . Despite the simplistic pattern of cortical folding in guinea pigs, those abovementioned notions suggest the guinea pigs as a good alternative model to resolve the issues raised in mice.
Guinea pig as an experimental animal model
In most studies investigating gyrification, monkeys, sheep, cats, and raccoons have been used. However, these animals, especially at the embryonic stages, are difficult to supply as an experimental animal model, in addition to the low feasibility of gene manipulation. Instead, ferrets, which have moderately complicated gyrencephalic brains, became the model used to resolve such problems, as gene transfer methods in ferrets have been developed recently (Kawasaki et al. 2012; Nonaka-Kinoshita et al. 2013; Masuda et al. 2015) . However, availability of ferrets for laboratory use is highly restricted in Japan owing to the Convention ª 2017 Japanese Society of Developmental Biologists on international trade in endangered species of wild fauna and flora (CITES). On the other hand, guinea pigs are a well-established experimental animal, which is easily available from many vendors and easy to handle owing to their relatively gentle character. Moreover, rodents including mice and guinea pigs are evolutionary relatives of primates including humans, both belonging to the same phylogenetic group, Euarchontoglires (Lui et al. 2011; . Since ferrets belong to a separate group called Laurasiatheria, it would be reasonable to study guinea pigs in order to understand the morphogenetic mechanisms operating in the primate brain in a phylogenetic or evolutionary point of view. In fact, the time course of the sulcus formation in guinea pigs is similar in a sense to that in primates, whereas that in ferrets appears to be slightly different: for instance, the Sylvian sulcus is not the first one to be formed, but the formation of the coronal and rostral suprasylvian sulci proceeds it, although the exact homologous correspondence of the sulci between these mammalian groups has not been determined (Smart & McSherry 1986; Neal et al. 2007; Sawada & Watanabe 2012) . Although guinea pigs have only few gyri compared with other animals, their simple organization may be rather advantageous for understanding a basic principle of the cortical folding. Moreover, comparisons of phylogenetically closer animals like mice, in which mechanisms and processes of cortical development have been extensively studied, may reveal fundamental differences directly related to gyrification. Manipulation of guinea pig embryos such as in utero electroporation is now feasible as early as at E28, a time point that covers the later neurogenic period where one can deal with basal progenitors, neurons, and glia, all likely involved in gyrification. There are also genes that are differentially expressed with respect to the gyrus formation reported recently (e.g., Trnp1, Cdh1) (De Juan Romero et al. 2015; Martinez-Martinez et al. 2016) . This guinea pig system would be useful for functional evaluation of those factors.
Evolution of the gyrencephalic mammals
While it has been thought that a lissencephalic ancestral mammal has evolved into a gyrencephalic derivative, a recent phylogenetic analysis with living and fossil mammals indicated that an ancestral placental mammal is likely to have been gyrencephalic (Kelava et al. 2012 O'Leary et al. 2013) . This finding suggests that the hypothetical ancestor of all placental mammals may be gyrencephalic, and the lissencephalic lineages present today such as mice and rats would therefore have lost gyri secondarily. Curiously, the common marmoset (Callithrix jacchus), a primate, has only two obvious gyri on each hemisphere, and is also thought to be secondarily lissencephalic (Kelava et al. 2012 . While reduction of oRG in mice may account for the lissencephaly, marmosets do have as many oRG as ferrets (Garcia-Moreno et al. 2012; Kelava et al. 2012) , which argues against the simple relationship between gyrification and oRG. However, a plausible explanation is that oRG in humans or ferrets retain long-standing self-renewal capability from early to late stages, thus generating both neurons and glia, whereas those in marmosets may generate neurons only (Hansen et al. 2010; Reillo et al. 2011; Kelava et al. 2013; Gertz et al. 2014) . Although further investigation is needed, it could be assumed that the fewer neurons produced in common marmosets result from differences in the oRG properties .
In guinea pigs, few oRG were observed during the astrogenic phase (Fig. 2) , suggesting that oRG generate a limited number of neurons in guinea pigs, similarly to the common marmosets. Collectively, it may be that differences in oRG properties are causally related to the pattern, number, and depth of the formed gyri. What would the gyri of brain of the common ancestor of placental mammals be? The comparative phylogenetic analysis provide a presumptive view of the gross morphology of the brain of the ancestor consisting of two major sulci, most probably corresponding to the Sylvian and intraparietal sulcus of the modern species ); this feature is somewhat similar to that of the guinea pig brain. It may be that some changes in oRG properties, number of neurons produced, and complications of the neurites trajectories, which have occurred in the guinea pig-like ancestral brain, could have led to further gyrification in humans.
In summary, although the brain of a guinea pig consists of only two sulci on each hemisphere, these gyri are conserved in all gyrencephalic mammals and could be prototypical in several aspects. Guinea pigs are relatively easy to care in research facilities and phylogenetically closer to primates. Additionally, gene transfer experiments are now applicable in guinea pigs. While cellular and molecular mechanisms of gyrification have begun to be uncovered recently, many issues remain unclear. In particular, roles of RG, basal progenitors including IPs and oRG, nerve fibers, astrocytes, and the meninges have yet to be uncovered. Studies using guinea pigs will provide valuable insights into these questions.
